Recently, much work has focused on the exfoliation of graphene through a combination of oxidation and sonication procedures, followed by reduction through chemical methods. We demonstrated that the individual graphene oxide sheets can be readily reduced by using phenolphthalin as both reducing agent and stabilizer. The obtained non-covalently functionalized chemically reduced graphene oxide (CRG) can be dispersed in organic solvents very well, such as alcohol, N,N-dimethylformamide, N,N-Dimethylacetamide, N-methyl-2-pyrrolidone, etc., which can give practical applications in large scale production of oil dispersible graphene and have a potential in polymer nanocomposites fabrication.
INTRODUCTION
Graphene has generated tremendous interest because of its unique combination of electronic, mechanical, chemical, and thermal properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Lots of potential applications have been proposed in various fields, including filler materials, 12 field-emission devices, 13 nanoscale electronic devices, 14 sensors, 15 and among others. Several kinds of methods, including micromechanical exfoliation of graphite, 16 chemical vapor deposition, [17] [18] [19] [20] [21] and solutionbased chemical reduction of graphite oxide (GO) to graphene, [22] [23] [24] [25] [26] have been used. Since graphene is inclined to aggregate, it is a great challenge for the last method adopted to obtain individual chemically reduced graphene oxide (CRG) sheets in a bulk quantity.
To fabricate single CRG sheets, usually additional reagents besides the necessary reducing agents are needed, such as sulfonation with the aryl diazonium salt of sulfanilic acid 27 or addition of a stabilizer through interactions. [28] [29] [30] The obtained CRG is expected to be able to disperse in different kinds of solvents, especially water and ethanol, etc., which is benefit for the incorporation of CRG in the polymer matrix efficiently.
We report a new and simple approach here to prepare CRG with phenolphthalin as both reducing agent and stabilizer. The obtained non-covalently functionalized CRG * Authors to whom correspondence should be addressed.
can be dispersed in organic solvents (such as alcohol, N,N-dimethylformamide (DMF), N,N-Dimethylacetamide (DMAc), N -methyl-2-pyrrolidone (NMP), etc.) very well, which can give practical applications in large scale production of oil dispersible graphene and have a potential to facilitate the preparation of polymer nanocomposites.
EXPERIMENTAL DETAILS

Materials
The natural graphite used in this study was obtained from Shanghai Carbon Co. Ltd in China. Phenolphthalin were analytical grade and used as received. All of organic solvents were purified by distillation.
Preparation of the Graphene Oxide (GO)
A modified Hummers method was used to prepare graphene oxide by using natural graphite powder as the initial material. In a typical experiment, graphite (2 g, 500 mesh) and concentrated sulfuric acid (50 mL) were put into a 250 mL of flask under stirring. Subsequently, 5 g of NaNO 3 was added and after 1 hour of stirring, it was cooled to 0 C using an ice-water bath. Then 7.3 g of KMnO 4 was added in small portions during 2 hours. When the addition was completed, the temperature of the reaction mixture was lifted to 35 C. After The purified brown graphene oxide was dispersed in the methanol followed by precipitation in diethyl ether, after filtration, the resultant products were dried at 40 C for 24 hours in the vacuum oven.
Preparation of CRG Reduced by Phenolphthalin
GO (0.15 g) in 300 mL of DMF was sonicated (200 W) at room temperature for 1 hours, in order to make sure the GO was exfoliated in to GO sheets. As a result, a colloid suspension of GO was obtained. Then 1.2 g of phenolphthalin was added and the mixture was kept stirring until phenolphthalin dissolved completely. The resultant suspension was heated in an oil bath at 90 C, as the reaction proceeded, we could see that the reaction system turned darker and darker. After half an hour, the whole suspension turned into dark totally, which suggested that the reduction had taken place and the GO turned into CRG gradually. After 24 hours of the reaction, the obtained CRG was filtered through G4 sintered glass and washed with DMF several times in order to remove excess of phenolphthalin. After further washing with ethanol several times, the resultant CRG powder was dried at room temperature overnight in the vacuum oven.
Characterization
Atomic force microscope (AFM) images were acquired by using a Multimode Nanoscope V scanning probe microscopy (SPM) system (Veeco, USA) with Picoscan v5.3.3 software. All the images presented in this article were acquired using tapping mode under ambient conditions. The morphology of the GO and CRG were also observed by FE-SEM using a Carl Zeiss SUPRA SMT AG scanning electron microscope (LEO1525, Carl Zeiss, Oberkochen, Germany) at 5 kV. FTIR spectra were recorded on a Bruker (Germany) VERTEX 80v vacuum FTIR spectrometer over a range from 4000 to 400 cm
with DTGS or MCT as detector. Raman scattering was performed on a JY-HR800 Raman spectrometer using a 514-nm laser source. High resolution transmission electron microscopy (TEM) was obtained on JEM-2100 (Japan), and the accelerating voltage was 200 kV. The thermogravimetric analysis (TGA) was performed under a nitrogen atmosphere using a heating rate of 10 C/min from 50 C up to 700 C. To avoid thermal expansion of the GO due to rapid heating, GO samples were also heated from room temperature to 700 C at 1 C/min.
RESULTS AND DISCUSSION
In order to obtain separated GO sheets, Hummers method is used. The resultant GO can be easily dispersed in DMF after several minutes' sonication. Consequently, a colloid solution can be obtained (Fig. 1) . While the reduction proceeded, phenolphthalin was used as the reducing agent.
As we know, phenolphthalin contains a free radical in the middle carbon atom of the molecule, and it is very stable at room temperature and even higher temperature (>200 C), which can be used as a monomer for the synthesis of poly(aryl ether ketone). 31 When it mixes with GO, it can act as the reducing agent, the reaction takes place accompany with the lost of H + on the group of -COOH, and phenolphthalin turns into phenolphthalein (as shown in Fig. 2 ). This can be proved by dipping a drop of filtration solution (before and after reaction) in the alkaline aqueous solution (pH = 9). As for phenolphthalin DMF solution (before reaction took place), there was no color changes during the dipping process. After the reaction finished, we dipped a drop of filtrate into the alkaline aqueous solution and found that it turned into red rapidly, which suggested that the phenolphthalein has been existed after the reduction reaction.
Since phenolphthalin is reduced from phenolphthalein, it owns a planar structure, which is benefit for itself anchoring to the surface of CRG. During the process of the reaction, DMF was chosen as the solvent here, since it can dissolve phenolphthalin very well, and GO can be also dispersed directly in DMF at about 0.5 mg/mL. 32 As the reaction was ongoing, the color of the suspension turned darker and darker, after 24 hour's reduction, a black suspension had been formed. The resultant CRG can be dispersed in ethanol, DMF, DMAc, and NMP, etc. It's especially fascinating since the bi-phenol monomers stabilized CRG can be used as the additives for the in situ polymerization of poly(aryl ether ketone). 33 The morphology of GO and CRG have been observed by AFM, SEM and TEM. Figure 3 shows the typical AFM images of the GO sheets we obtained. The thickness measured from the height profile of the AFM image, is about 0.98 nm, which is consistent with data reported in the literature, indicating that the formation of the single layered GO. 12 The lateral size of the GO was in the scale of several micro meters, which can be observed from the SEM images in Figure 4(a) . After reduction by phenolphthalin, the obtained CRG were observed by SEM and the images were shown in Figure 4(b) , we can see that the CRG exhibited transparency located at the surface of aluminum foil. Figure 5(a) is the TEM image of GO dispersed in water. It is obviously that the GO sheet is a very flat thin layer. The CRG was also observed by TEM which is shown in Figure 5(b) . We can see that the flake CRG has been obtained, and the edge of the sheet slightly curved. Through HRTEM observation (Fig. 5(c) ), it is found that there are discontinued fringes which indicated that there are defects in the reduced GO. The selected area electron diffraction (SAED) of CRG, as shown in Figure 5 (d), suggests that the ordered crystal structure of graphene was re-established, due to the existing of {1100} and {2110} crystal planes in the SAED image.
The FT-IR spectroscopy was also used to confirm the process of the CRG preparation. Figure 6 shows the FT-IR transmittance spectra (KBr) of pristine graphite (a), exfoliate GO (b), CRG (c). The spectra are shifted downward for easy viewing. The spectrum of graphene oxide illustrates O-H ( (carboxyl) at ∼1400 cm −1 , while the band at ca. 3450 cm −1 could be due to the O-H stretching mode of intercalated water. C-O ( (epoxy or alkoxy)) at ∼1055 cm −1 , and C O in carboxylic acid and carbonyl moieties ( (carbonyl) at 1740 cm −1 ; C C at ∼1625 cm −1 assigns to skeletal vibrations of unoxidized graphitic domains or contribution from the stretching deformation vibration of intercalated water. After the reduction of GO, the C O vibration band (located at 1740 cm −1 , together with the C-O stretching bands, had been disappeared, suggesting the graphene has been achieved by using phenolphthalin as reducing agents.
Raman spectroscopy is a powerful nondestructive tool to distinguish ordered and disordered crystal structure of Fig. 6 . FT-IR spectra of (a) graphite, (b) GO, and (c) GO. carbon. G band is usually assigned to the E 2g phonon of C sp 2 atoms, while D band is a breathing mode of -point phonons of A 1g symmetry. Figure 7 exhibits the Raman spectra of (a) graphite, (b) CRG and (c) GO. Raman spectrum of the pristine graphite displays a strong G band at 1571 cm −1 , and a weak D band at 1352 cm −1 . In the Raman spectra of the GO and CRG, the G band is broadened. Meanwhile, intensity of the D band located at 1352 cm −1 of GO increases substantially, indicating the decrease in size of the in-plane sp 2 domains, possibly due to the extensive oxidation and ultrasonic exfoliation. When the GO is chemically reduced, the intensity of the D band increased a little, i.e., an increase of D/G intensity ratio of CRG compared to that of the GO is observed. This changes suggests a increase in the average size of the sp 2 domains upon reduction of GO, which agrees well with the Raman spectrum of the GO reduced by hydrazine that was reported by Stankovich et al., 19 indicating the reduction did take place.
Thermogravimetric analysis has also been executed. Figure 8 exhibited the TGA curves of (a) graphite, (b) CRG and (c) GO, under nitrogen atmosphere. The pristine graphite is quite stable below 600 C, while the decomposition of GO begins at 200 C. This is probably due to the loss of the acidic functional groups and residues. After reduction, TGA curve of CRG only exhibited a slight mass loss at a temperature lower than 600 C, which suggested that the enhancement of thermal stability achieved after the oxygen-containing functional groups had been removed during reduction.
CONCLUSIONS
In summary, we have demonstrated that the individual graphene oxide sheets can be readily reduced by using phenolphthalin as both reducing agent and stabilizer. The obtained non-covalently functionalized graphene exhibits long-term dispersion stability in organic solvents and the majority of oxygen-containing functional groups are removed after chemical reduction, which can give practical applications in large scale production of oil dispersible graphene and facilitates the preparation of polymer nanocomposites.
